The arm is the traditional site for application of an oscillometric non-invasive blood pressure (NIBP) cuff. This study, which compares upper arm NIBP to wrist NIBP, involved 510 same arm sequential paired blood pressure (BP) measurements in 85 volunteers.
The first sphygmomanometer was the von Basch instrument (1876) which was placed on the wrist 1 . Twenty years later the brachial artery BP method of Riva-Rocci and Hill was developed because it was easier to use and this has been in use ever since 1 . The device for indirect noninvasive automatic mean arterial pressure (Dinamap™, Criticon) was introduced in 1976 and has since gained wide acceptance 2 . The Dinamap™ was the first of many devices to use a microprocessor-controlled oscillometric method to determine mean arterial pressure (MAP), systolic blood pressure (SBP), diastolic blood pressure (DBP), and pulse rate. Mean arterial pressure is the most robust measurement (compared with SBP and DBP) because it is measured when the oscillations of cuff pressure reach the greatest amplitude 2 . Generally this property allows MAP to be measured reliably even in cases of hypotension and vasoconstriction. It is fortuitous that MAP is also the best estimate of the driving pressure for perfusion of a capillary bed 2 .
The focus of non-invasive BP measurement has been on the upper arm. However, the Dinamap™ operation manual states that any limb may be used 3 . With attention to proper use, accuracy of upper arm NIBP ill exceed or meet the accuracy standard when compared with a centrally placed arterial catheter 2 . The purpose of this study was to assess the accuracy of the oscillometric method when the cuff is applied to the wrist as compared to the upper arm.
There are several difficulties with oscillometric blood pressure measurement ( Table 1) . The underlined problems are those in which measurement at the wrist offers potential advantages. Difficulty in obtaining blood pressure measurements due to anatomical and cuff-related problems in obese patients can be overcome by placing the NIBP cuff on the wrist. The wrist cuff, combined with hand stabilization, can obtain BP values even in shivering patients, because there is less unxderlying muscle. The wrist cuff may be distal to an intravenous infusion and also avoidx oscillation artifact as a result of the surgeon leaning against the cuff in head and neck operations. The wrist position offers faster BP determination because less air is required to inflate the cuff and the inflation produces less discomfort for many patients.
METHODS
A cluster sample of 85 staff members was recruited from the divisions of surgery, critical care and hotel services at Nambour General Hospital. The exclusion criteria were any known significant pathological condition affecting the upper limb or presence of cardiac arrhythmia.
The subject was placed in the supine position for at least two minutes while demographic data were collected. The right arm circumference at the midhumerus and the right wrist circumference at the proximal crease were measured. The NIBP cuffs were applied according to the following protocol-for a circumference of less than 22 cm, a small cuff; for 22 to 31 cm, a standard cuff; and for over 32 cm, a large adult cuff was used. All cuffs were leak tested prior to commencement of the study. All air was removed from the cuff, the cuff was wrapped snuggly and neatly around the limb to allow one finger under the cuff. The upper arm cuff was applied in the standard position. The wrist cuff bladder was applied directly over the volar surface of the distal forearm and wrist (to compress the radial and ulnar arteries). The arm and wrist were placed at the same level and the patient was instructed not to talk or move. All measurements were initiated manually with the same oscillometric NIBP device (WelchAllyn™ Vital Signs Monitor-Model Number 52NTP). The investigator performed all cuff applications and measurement sequences. Three same-arm sequential paired measurements were taken in a randomized order. Any problem noted with either technique was recorded.
The data analysis used in assessing accuracy of the wrist NIBP is based on the recommendations of Bland and Altman (1986) 4 . The difference between each paired wrist and arm blood pressure was calculated. Eighty-five subjects produced 255 paired values of MAP, SBP and DBP for comparison. The mean of the differences and the standard deviation of the differences were calculated. The standard limits of accuracy recommended by the Association for the Advancement of Medical Instrumentation (AAMI) are a mean error < 5 mmHg with a standard deviation of < 8 mmHg 5 . The AAMI provides the American national standard for the performance of automated sphygmomanometers. To aid interpretation, the degree of dispersion is also presented as a range of BP values that includes 90% of the differences around the mean.
RESULTS
The median age was 37 (range 20 to 60) years, and the male to female ratio 38:47. Arm circumference ranged from 22 to 36 cm (median 29 cm) compared with the wrist circumference of 14 to 19 cm (median 16 cm). All 510 NIBP determinations were successful with no repeated measurements necessary. A diverse range of blood pressures were recorded ( Table 2) . Table 3 shows the results relative to the AAMI standard limits of accuracy. The wrist NIBP technique did not meet the predetermined standard of accuracy because the mean differences for MAP, SBP and DBP were greater than 5 mmHg.
The degree of dispersion around the mean difference was within the guidelines of acceptability. Ninety per cent of the wrist MAP differences were within the range of ±9 mmHg (±1.645 standard deviations) around the mean difference of 10.6 mmHg. Ninety per cent of wrist systolic differences were within the range of ±12 mmHg around a Figures 1, 2  and 3 ). Ninety per cent of the repeated wrist measurements are within the range of ±3.7 mmHg around a mean difference of 1.3 mmHg. Ninety per cent of repeated arm measurements are in the range of ±4.8 mmHg around a mean difference of 0.5 mmHg ( Table 4 ).
DISCUSSION
When two methods of measurement are compared, the distance between values accepted as not causing difficulty is a question of judgement 4 . In this study the limits of agreement were decided in advance, to meet or exceed the AAMI requirements, and therefore it is concluded that wrist NIBP does not give blood pressure values that agree with arm NIBP values. Nevertheless, the technique may be of some clinical use.
Linear regression and correlation should not be used to measure agreement between two variables 4 , but these statistics have been used to determine the relationship between wrist MAP and arm MAP (Figure 4 ). The line of best fit has the formula y=1x +10. The Pearson correlation coefficient (r) is 0.84. There is a strong relationship, with wrist MAP approximately 10 mmHg higher than the arm MAP. When central aortic pressure and radial artery pressure are compared invasively, radial systolic is up to 20 to 30% higher, diastolic is up to 10 to 15% lower and MAP is about the same 6 . Therefore the wrist values cannot be explained by a physiological difference. A difference in arterial and surrounding tissue compressibility is likely to be the cause for the higher wrist BP values.
Accuracy can be limited by the reliability (precision or repeatability) of the NIBP at the wrist. The best way to examine reliability is to compare repeated measurements on a series of subjects 4 . The second and third wrist MAP data were chosen to assess the reliability and were analysed in the same way as the previous BP comparisons. The reliability of both the upper arm and wrist MAP measurements was excellent. Wrist NIBP may be considered as an alternative in situations where difficulty occurs with upper arm NIBP measurement. Anatomical variations of the upper arm may lead to mis-cuffing, which can result in erroneous BP values 7 . The wrist is a more consistent cylindrical shape, even in obese subjects. When an appropriately sized cuff is used, this should produce reliable BP values. Compensation is required by either subtracting 10 mmHg from the MAP, systolic and diastolic values or simply by elevating the wrist 15 cm above the mid-axillary line. During the study it proved relatively easy to apply the wrist cuff correctly (snuggly and neatly to allow one finger underneath). The time taken for each method was not recorded, but the impression was gained that that the cuff inflation stage was much shorter at the wrist.
The test-reference scattergram comparisons (Figures 1 to 3) show that at higher BP values, variation in the wrist NIBP values is greater. Wrist and arm NIBP agreement is limited, even using a 10 mmHg compensation at high blood pressures. Wrist oscillometric NIBP tends to exaggerate hypertension and should not be used for diagnosis. At lower BP, the scattergrams show less variability and this appears to be the optimal range for the wrist NIBP. This study did not investigate performance when below normal BP values are encountered, such as may occur during anaesthesia. The regression line (Figure 4 ) forecasts that at an arm MAP of 50 mmHg the wrist MAP would be 60 mmHg, suggesting that compensation by subtracting 10 mmHg or elevation of the wrist would be crucially important. Further investigation in this situation is required before firm recommendations can be made.
Pathological conditions affecting the wrist may prohibit the use of the method. In carpal tunnel syndrome it is necessary to avoid tunnel compression. Ensuring the cuff is proximal to the wrist crease would result in cuff pressure on the distal forearm and not the carpal region.
This study has demonstrated the relationship and level of agreement between wrist NIBP and arm NIBP using the WelchAllyn™ Vital Signs Monitor-Model Number 52NTP. Arm NIBP was considered an appropriate reference in this population sample, however to further evaluate the wrist method in obese patients, an invasive control arm would be required because upper arm values may be unreliable in obesity (due to mis-cuffing). The cardiac catheterization laboratory would provide an opportunity to evaluate wrist NIBP in obese patients using an invasive reference, and obviate some of the ethical dilemmas.
In conclusion, with this device the wrist oscillometric NIBP consistently overestimates mean arterial, systolic and diastolic pressure by approximately 10 mmHg. Agreement did not meet AAMI standards, and evaluations were not performed during anaesthesia. Nevertheless, the results suggest wrist NIBP has the potential to be a useful clinical alternative to upper arm blood pressure measurement in situations where difficulties exist, such as problems incurred by patient obesity, shivering or bumping of the cuff by the surgeon. 
